We isolated fragments containing parts of CpG islands from human chromosomal regions chosen for expected differences in gene density by segregation of partly melted molecules. Restriction fragments of P1 bacteriophage clones covering a region of 11q13 and those of cosmid clones derived from Xp22 were recovered from bands in denaturing gradient gels that were retained following prolonged exposure to electric field. Forty-five independent fragments derived from 11q13 and five from Xp22 were isolated. Nucleotide sequence analysis revealed that 11 of the 45 fragments from 11q13 contained CpG islands including four derived from known genes in 11q13. None of the five fragments derived from Xp22 resembled CpG islands. The number of CpG island fragments obtained was consistent with the expectation based on the number of NotI restriction endonuclease sites present at these regions. Adjustment of parameters in our quasi-theoretical approach to the rate of fragment dissociation improves the discrimination between retention and non-retention. The results support probable identification of CpG island fragments by their reduced rate of strand dissociation when retarded in a denaturing gradient gel.
INTRODUCTION
We have described a procedure for the isolation of a set of fragments from cloned genomic DNA strongly enriched for CpG island sequences (1) . Because the basis of the procedure is novel, we included an effort toward a theoretical rationale (1) . We have termed the procedure, SPM, segregation of partly melted molecules. The SPM procedure depends on large differences in the rate of complete strand dissociation of fragments that survive digestion with restriction endonucleases whose sites appear rarely in CpG islands at a temperature just sufficient to melt part of the molecule. Fragments of unusually slow dissociation rate can be recognized by their retention in a denaturing gradient gel through prolonged application of the electric field, and a large number of retained fragments can be isolated from a single gel.
The identification of CpG islands within cloned DNA fragments is often performed on the basis of the density of CpG dinucleotides including procedures depending on the presence and/or clustering of the recognition sites for several rare-cutting restriction endonucleases, such as BssHII, EagI and SacII (2) , which are predominantly located in CpG islands. In SPM, detection of CpG islands is not dependent on the presence of specific endonuclease recognition sites, which may not necessarily be present in all CpG islands.
Since 56% of human genes are associated with CpG islands (3, 4) , the detection of CpG islands within anonymous DNA regions often permits the recognition of many genes. SPM can serve as a valuable tool for this purpose, and in our previous study allowed the detection of a DNA fragment containing part of the CpG island of the human prostacyclin synthase gene (5) . The isolated fragment was found to correspond to the 5′ end of the reported cDNA together with the nucleotide sequence of upstream region. SPM also circumvents the difficulty in cloning the 5′ end of genes, which is often difficult using cDNA, and the laborious procedures for the isolation of promoter regions of genes located upstream of the transcription initiation site.
Our initial SPM analysis of randomly selected cosmid clones containing human genomic sequences revealed that ∼50% of the retained fragments were found to be derived from CpG islands (1) . In this report we have extended our analysis to gene hunting on human chromosomes, and have studied chromosomal regions 11q13 and Xp22, where we have been investigating DNA aberrations in cancer and heritable diseases (6) (7) (8) (9) . We also examined the molecular nature of retention of DNA fragments in a denaturing gradient gel by adjusting parameters in an expression that assists in discriminating retention and non-retention.
MATERIALS AND METHODS

Isolation of P1/cosmid clones and their alignment
The isolation of several P1 clones from a region on 11q13 containing the ADRBK1 and GSTP1 genes has been described (9) . Briefly, five known sequence tagged sites (STSs), ADRBK1, PPP1CA, P90G9S, GSTP1 and P102F3 (9) were initially used to screen the P1 library of this region. The resulting gaps were filled by further screening the library. The isolation and alignment of cosmid clones from the Xp22 region involving the GRPR locus has been also described (7) . The P1 and cosmid clone DNAs were purified by equilibrium centrifugation in CsCl-ethidium bromide gradients.
Segregation of partly melted molecules
Approximately 15 µg of P1 DNAs and 10 µg of cosmid DNAs were digested to completion with restriction endonucleases, MseI, BfaI, NlaIII and Tsp509I. SPM analysis was performed essentially as described previously (1) . Briefly, ∼1 µg of the digested DNA fragments was electrophoresed on an 8% polyacrylamide gel containing a linear gradient of chemical denaturant. The denaturant concentration was 9% at the top and 90% at the bottom; 100% denaturant is 7 M urea, 40% formamide in 1× TAE buffer (40 mM Tris, 20 mM NaOAc, 1 mM EDTA, pH 7.4). An electric field of 10 V/cm was applied and the electrophoresis was performed for 11 h. Throughout electrophoresis the buffer and gel were maintained at a temperature of 59.5_C. SPM analysis was repeated at least twice in the case of the digests of P1 clones to examine the reproducibility of fragment retention.
Analysis of properties of retained fragments
Subcloning and nucleotide sequence analysis of retained fragments was carried out as described previously (1) . Analysis of the properties of the retained fragments as potential CpG islands was performed using European Molecular Biology Network facilities (CpG-detection of CpG rich regions in DNA sequences, http://www.no.embnet.org/cpg/cpg.html ). DNA fragments having high scores (≥100) were regarded as being derived from CpG islands. In the case of the entire CpG islands, the score is usually >700 (data not shown). Similarity searches were carried out initially using the BLAST program (10) , and the gapped BLAST program (11) on the world wide web. Calculations on the distribution of thermal stability in DNA molecules and related matters were carried out essentially as described previously (1) . Analysis of methylation status of CpG islands corresponding to the retained CpG-rich fragments were carried out by methylated DNA binding column chromatography as reported previously (12,13) with slight modifications.
RESULTS
The isolation of CpG island from 11q13 P1 clones
We prepared nine P1 clones covering an ∼400 kb contiguous region containing the ADRBK1 and GSTP1 genes. The alignment of the clones is shown in Figure 1A . DNAs from these P1 clones were digested with four restriction endonucleases, and subjected to denaturing gradient gel electrophoresis ( Fig. 2A) .
If retained fragments derived from two overlapping genomic clones had the same retardation level in a denaturing gradient gel and the same relative mobility in a conventional polyacrylamide gel, they were considered to be identical. In some cases, the identical nature of these fragments was confirmed by subcloning and sequencing. Retention of some fragments was not reproducible. We speculate that these fragments are at the critical edge of dissociation under the selected experimental conditions, and a subtle variation in these conditions could greatly affect their retention. Such molecules were regarded as non-retained fragments.
In the case of P1 clone P90E12, several retained bands were observed ( Fig. 2A, lane 2) . However, in other independent experiments with this clone, only two fragments were reproducibly retained, RP1-3 and RP1-4. Nucleotide sequence analysis revealed that fragment RP1-4 possessed properties of a CpG island (Table 1) , and did not show any significant similarity to known genes or expressed sequence tags (ESTs) using the BLAST search. Fragment RP1-3 was found to be a non-island fragment.
Besides the fragments from P90E12 described above, the numbers of retained fragments obtained from P1 clones P102F3, P26C12, P56D3, P91G8, P90G9, P106H6, P124C8 and P58A5 were 6, 6, 2, 9, 14, 5, 11 and 11, respectively ( Fig. 2A ). Of these, and two from clone P90E12, 45 fragments were considered to be independent. Nucleotide sequence analysis revealed that, of the retained fragments from the nine P1 clones described above, 1, 1, 1, 0, 2, 4, 1, 3 and 3, respectively, were derived from CpG islands including those from the same CpG islands. In total, the number of independent fragments having properties of CpG islands was 12. The salient features of these fragments are summarized in Table 1 .
Nucleotide sequence analysis revealed that fragments RP11-4 and RP5-1 contained the reported sequence of a CpG island derived from the ADRBK1 and GSTP1 genes, respectively (Table 1) . Fragment RP10-6 contained the 5′ end of the RAD9 gene (positions 449-527, Fig. 3A ) as well as a region upstream from position 1 of the reported cDNA sequence with a feature characteristic of a CpG island (Fig. 3A , Table 1 ). Fragment RP8-11A contained a nucleotide sequence identical to that of exon 2 of the PPP1CA gene, and clustering of CpG dinucleotides in a possible intron region of the gene. Fragment RP7-6 was almost identical to a part of the human mRNA for DRES9 protein (accession no. X98654). Although the genomic organization of this gene is not reported, the score of this mRNA sequence for CpG islands is very high (667, positions 1-3854), and the region of identity falls in this region (positions 2335-2506). These results suggest that fragment RP7-6 is derived from a part of the CpG island of this gene. Fragment RP8-4 turned out to be a part of CpG-rich repetitive element and was not regarded as a CpG island fragment. On the basis of nucleotide sequences, the remaining six of the 11 DNA fragments derived from CpG islands did not correspond to any known genes, although similarity searches revealed that four of them were identical, or highly similar (>80%), to several reported ESTs (Table 1) . For example, a part of fragment RP7-8 (positions 245-383, Fig. 3B ) was identical to EST clone zr21h03.r1.
Methylation status of CpG islands in the genomic DNA corresponding to some of these fragments was investigated by methylated DNA binding column chromatography (12, 13) . All DNA fragments investigated (those corresponding to RP1-4, RP7-8, RP8-10, RP10-6 and RP11-9) had less affinity to the column, and were eluted in lower salt fractions (data not shown), indicating that the genomic sequence corresponding to these fragments are not methylated. Furthermore, it is reported that a CpG-rich region at the 5′ end of the human GSTP1 gene is not methylated (14) . We conclude that the fragments are derived from CpG islands.
The other 33 of the 45 retained fragments were found to lack characteristics of CpG islands, and 17 of these contained Alu repeat sequences.
The isolation of CpG island from Xp22 cosmid clones
We then analyzed 10 cosmid clone DNAs covering an ∼300 kb contiguous region of Xp22 containing the GRPR gene (Fig. 1B) . After electrophoresis, five retained fragments, designated R15, R45, R31, R78 and R14, were obtained from digests of cosmid clones c3150-15, -45, -31, -78 and -14, respectively (Fig. 2B) . Nucleotide sequence analysis revealed that these fragments did not contain sequences from CpG islands. Fragments R15, R78 and R14 contained Alu repeated sequences, while fragments R31 and R45 were derived from single copy regions.
DISCUSSION
In this study, we have applied SPM analysis for the detection of CpG islands in P1 and cosmid clones derived from contiguous chromosomal regions on 11q13 and Xp22, respectively. Of the 45 retained fragments derived from 11q13 P1 clones, 11 (24%) had regions of CpG islands, and none of the five retained fragments from Xp22 cosmid clones was derived from CpG islands. This difference in numbers of recovered CpG island fragment can be attributed to the non-uniform distribution of CpG islands in the human genome. Fluorescent in situ suppression hybridization experiments have demonstrated that on human chromosomes, CpG islands are mainly found in R bands, and more specifically in a subband of these regions known as T bands (15) , indicating that the local density of CpG island along the chromosome varies markedly. The human chromosomal regions 11q13 and Xp22 are located in R bands (T bands) and G bands, respectively. The 11q13 region has clustering of CpG islands (15) and NotI sites (9) The presence of this recognition site is often indicative of CpG islands. Therefore, it was expected that there would be many CpG islands in the 11q13 region and considerably fewer CpG islands in the Xp22 region. The results obtained in this study agreed with this expectation.
In the region of 11q13 analyzed, the ADRBK1, RAD9, GSTP1 and PPP1CA genes had been assigned previously (9,16). The ADRBK1 and GSTP1 genes are known to have CpG islands, and DNA fragments containing a part of these islands were recovered by the SPM analysis. However, it was not known whether the RAD9 and PPP1CA genes were associated with CpG islands since the genomic sequence of these genes had not been reported. In this study, we have demonstrated that both these genes are associated with CpG islands. We found that the fragments derived from CpG islands of the RAD9 and PPP1CA genes were identified in overlapping genomic clones. This observation supports the previous finding that the 3′ ends of these genes are in close proximity, in a tail-to-tail orientation (16) .
In Table 1 , we show that four of the six anonymous CpG island-containing fragments, not similar to any known genes, have significant similarity to ESTs. In Figure 3B , a comparison of the nucleotide sequence of fragment RP7-8 and that of an EST clone zr21h03.r1 is shown. 3′ to the region of complete identity, there is a significant similarity to a consensus sequence [(C/A)AG/GT(A/G)AGT] for a 5′ splice junction (17) . This suggests that the region 3′ to the identical sequence corresponds to an intron. These EST matches and similarity searches to known cDNA or genomic sequences indicated that most of the recovered fragments containing CpG islands (9 of 11; 82%) were associated with transcribed sequences.
Recent estimates suggest that ∼33% of CpG islands are associated with the presence of NotI recognition sites (2) . In the 11q13 region analyzed, there are five non-methylated NotI sites (Fig. 1A) , and therefore one could predict that there are ∼15 CpG islands. In this study 11 CpG island fragments were isolated, suggesting that most, if not all, of the CpG islands in this chromosomal region were identified by SPM.
In the SPM analysis of the cosmid clones from the 300 kb region on Xp22, none of the retained fragment was found to be derived from CpG islands. Together with previous findings (7, 8) , our results strongly suggested that the 300 kb region on Xp22 does not contain any CpG islands.
We have improvized an expression to relate the dissociation rate to the base sequence of the helical section (1). RHST is a parameter which we suspect to be associated with relative helix survival time.
RHST = Σ{exp([T m (i) -Tret]/q) -1}
where T m is the calculated temperature for each pair at which the unimolecular probability of helicity of each pair in the stable segment falls to a particular value (see below). Tret represents the equivalent temperature at the gradient level of the retarded fragment. Since the retardation depends on the residual mobility and time after the first partial melting level, and is poorly defined in the experiments, we have used the temperature required by calculation to reduce the mobility of each fragment to ∼28% for Tret. The calculated equivalent retardation temperature is defined by expectation of melting of at least a sufficient number of base pairs, the same for all fragments. The value of the constant, q, is chosen to provide the best discrimination.
We find that RHST values calculated assuming T m at 75% helicity, 95 bp melting and q value of 1.546 can discriminate retention and non-retention better than those based on our previous assumption of 50% helicity, 121 bp melting and q value of 3.185 without exception among 35 fragments investigated previously (1) . All 26 retained fragments showed RHST values ≥3.56 × 10 3 , while all seven non-retained ones showed RHST values ≤3.19 × 10 3 (Table 2) .
RHST values of the 50 retained fragments obtained in this study were then calculated under new assumptions. As shown in Table 3 , although six of them (RP1-3, RP5-1, RP5-6b, RP8-11B, RP11-6 and RP12-8) showed RHST values <3.19 × 10 3 , 44 of them fulfilled the new criteria for retention. This result suggests that majority of retention of DNA fragments in our gradient gel system can be predicted by calculating their RHST values.
To validate the new assumption, we investigated RHST values for arbitrary overlapping 500 bp sections spaced at 100 bp intervals covering the entire sequences of the human HRAS and MYCN genes. The results are illustrated in Figure 4A and B, respectively. In the case of the HRAS gene, the predicted CpG island covers positions 23-1294 (accession no. V00574), and positions 601-1100 showed markedly high RHST value (4.27 × 10 4 ) (Fig. 4A) . Melting maps for positions 601-1100 (Fig. 5B) and positions 3301-3800 (Fig. 5C ) revealed the presence of a sufficient length of helical domain and long lower melting domain. This feature is characteristic of retained fragments, particularly those including a portion of a CpG island and flanking sequences. The melting map of positions 501-1000 (Fig. 5A ) looks similar to that of positions 601-1100 since they have similar sequences. However, after retardation, the remaining helical part is less stable in positions 501-1000 than in positions 601-1100, as shown in the melting maps. These results support the observation that uniformly G+C-rich fragments are not isolated by this method. The RHST value of positions 5601-6100 was zero. This region is comprized of tandem repeated sequence, and has a uniform melting profile (Fig. 5D) . The retained fragment isolated from the cloned HRAS gene in our previous study (1) corresponds to positions 491-1146, almost coincident with positions 601-1100 as discussed above. Positions 3301-3800 and some other fragments also showed high RHST values, but the fragment corresponding to this region was not isolated because of the presence of sites for the restriction endonucleases. The principles which underlie SPM are based on the observations that (i) many genomic fragments, usually at the edge of CpG islands, dissociate more slowly during denaturing gradient gel electrophoresis and (ii) most other slowly dissociating regions are severely fragmented by a small set of restriction endonucleases. The importance of the latter is clear in considering the peaks in Figure 4 .
We obtained similar results on the MYCN gene (Fig. 4B ). Positions 3901-4401 and 6201-6700 showed high RHST values (3.23 × 10 5 and 7.66 × 10 4 , respectively), and the retained fragments were obtained from the corresponding positions 3720-4272 and 6133-6455, respectively (1). The former carries the edge of the island.
A 180 kb sequence containing the human RB1 gene (accession no. L11910) is known to harbor one CpG island (positions 1472-2511). When this long sequence was segmented by recognition sites of restriction endonucleases, MseI, Tsp509I, BfaI and NlaIII, and RHST values of 16 DNA fragments longer than 300 bp were calculated, eight had the values >3.19 × 10 3 , the highest RHST value of the non-retained fragments, and seven had values <3.19 × 10 3 (Table 4 ). RHST value of positions 14799-15319 was on the boundary. This calculation suggests that a total of eight or nine fragments are expected to be retained. Two of these fragments (positions 1169-1554 and 2063-2429) are derived from both edges of the CpG island. Our calculation demonstrates that DNA fragments containing an edge of CpG island show high RHST values and hence they are retained in a denaturing gradient gel, although DNA fragments having high RHST values are also occasionally identified in non-island regions. There are five non-methylated NotI sites, considered landmarks for CpG islands, in the 11q13 region analyzed in this study. However, 11 fragments derived from CpG islands do not contain NotI sites (data not shown). This is not unexpected because it is not the entire island but generally the edge of the island that can be isolated by the SPM method, and hence the corresponding fragment may not contain such sites.
In summary, we have isolated DNA fragments containing a portion of a CpG island derived from long unsequenced DNA segments using the method of SPM. The number of retained fragments derived from CpG islands reflected the local density of CpG islands on the specific chromosomal regions. We conclude that SPM permits the efficient isolation of CpG islands within cloned DNA fragments, and therefore facilitates rapid gene identification.
